Abstract. A first step towards the development of a model for the Scanning Laser Source technique is presented, which entails an analytical formulation for the transient response of an isotropic, homogeneous, linearly elastic half-space submitted to a pulsed laser line source operating in the thermoelastic regime. The formulation takes into account optical penetration into the material and thermal diffusion from the source, and is therefore a suitable representation for the field near the source, where these effects become significant.
INTRODUCTION
Lasers have emerged as a powerful tool to generate and detect ultrasound. In fact, laser based ultrasonic techniques provide a number of advantages over conventional ultrasonic methods such as higher spatial resolution, noncontact generation and detection of ultrasonic waves, use of fiber optics and ability to operate on curved or rough surfaces [7] .
Parallel to the development of experimental NDE techniques, many efforts have been made towards the construction of models which are able to reproduce the processes involved in the experimental technique and hence predict the response of the system. The availability of models allows not only to enhance the performance of existing experimental techniques but also to select and design the inspection system to be used in a particular situation. Moreover, models are fundamental tools for the solution of inverse problems from quantitative data.
STATEMENT OF THE PROBLEM
The final objective of the present research is to provide a model for the laser detection of surface breaking cracks using the scanning laser source (SLS) technique. This technique has been proposed by Kromine et al. [4] as a method to detect surface The development of a model for the above described SLS technique would allow to gain some insight on the generation process and how it is affected by the presence of the crack. This would lead to a better understanding of the measured data and the observed variations as cracks of different sizes and orientations are studied, thereby providing a more efficient inspection technique.
Proposed approach
The development of a model for the SLS technique starts with the solution of the problem of laser generation of ultrasound in the presence of a discontinuity. As a first approach, the two dimensional problem is considered and the tested specimen is approximated by an isotropic, homogeneous, linearly elastic half-space. By virtue of linear superposition, the complete problem of obtaining the total field generated breaking discontinuities by monitoring the changes in the laser generated ultrasonic signal as the laser source passes over the discontinuity. This method differs from conventional techniques in the sense that it is the direct generated ultrasonic signal that is detected, rather than the reflections of the generated waves by the defect.
The proposed technique employs a line focused high power laser source which is swept across the test specimen and passes over surface breaking anomalies. The generated ultrasonic waves are detected with an ultrasonic detector located at a fixed distance from the laser source. This technique can be used to detect discontinuities with arbitrary orientations. Kromine et al. tested the SLS technique in an aluminum specimen with a surface breaking fatigue crack. The variation of the amplitude and frequency of the measured ultrasonic signals was studied as the laser source approaches, passes over and moves behind the discontinuity. The typical variations of amplitude and frequency observed were attributed to the interference of the incident wave with the wave reflected by the discontinuity and the changes in the conditions of laser generation when the source is in the vicinity of the crack.
The development of a model for the SLS technique will provide insight in the generation process and how it is affected by the presence of the crack. This will lead to a better understanding of the measured data and the observed variations as cracks of different sizes and orientations are studied, thereby providing a more efficient inspection technique.
In this paper, a first step is presented, which involves the formulation of a model for the near field transient response of an isotropic, homogeneous, linearly elastic half-space submitted to a pulsed laser line source operating in the thermoelastic regime.
THEORETICAL APPROACH
The development of a model for the SLS technique starts with the solution of the problem of laser generation of ultrasound in the presence of a discontinuity. As a first approach, the two dimensional problem is considered and the tested specimen is approximated by an isotropic, homogeneous, linearly elastic half-space. By virtue of linear superposition, the complete problem of obtaining the total field generated by a laser source impinging on a half-space in the presence of a surface breaking crack can be decomposed into two subproblems. The first one entails obtaining the socalled incident field which is generated by the laser source impinging on an uncracked half-space. The second involves the determination of the so-called scattered field, which is generated in the cracked half-plane by the application of tractions on the crack faces which are equal in magnitude and opposite in sign to the corresponding tractions due to the incident field in the uncracked half-plane.
The present paper deals with the generation of the incident field which is, in principle, a coupled thermoelastic problem. Since the 1960's researchers have been studying the problem of laser generation of ultrasound [3] . Many models have been developed, most of them defining an elastic source equivalent to the thermal laser source, thereby neglecting the thermoelastic nature of the source. As pointed out by earlier authors, Scruby and Drain [7] and Hutchins [3] , intuitively the actions of a local generation of a temperature field and the application of an elastic dipole should be expected to produce equivalent fields. While this is true for the far field, the thermal aspects of the laser source, which are significant near the source, introduce a special feature in the near field waveforms, the so-called precursor, which is not predicted by purely elastic models. The precursor is a sharp, initial spike at the longitudinal arrival observed experimentally in measurements on and near the epicentral axis. It has been shown that the precursor is caused by the subsurface sources arising from thermal diffusion or optical penetration [1] . In the context of the SLS technique that is being modelled, the laser generated field has to be determined accurately as the source approaches the position of the crack, since the stresses generated on the plane that represents the position of the crack are input for the scattering problem. Therefore, it is clear that, for our purposes, thermal effects need to be included in the formulation of the problem of the incident near field. Accordingly, a model which takes into account the detailed thermal aspects of the laser source is used.
Mathematical Representation of the Laser Induced Heat Source
A possible expression for the heat source induced by laser line illumination can be derived from the expression proposed by Spicer [8] for point illumination as:
The first term in the equation corresponds to the part of the energy of the laser pulse per unit length E that is absorbed by the surface of the material, where R i is the surface reflectivity and k is the thermal conductivity. This energy penetrates into the solid due to the effect of optical penetration giving rise to sub-surface sources that are represented by the second term. An exponential decay with depth z controlled by the extinction coefficient χ is assumed. The third term takes into account the fact that the laser is not perfectly focused to a line but rather has a finite width. A Gaussian distribution along the x coordinate parallel to the surface of the halfspace is considered with Gaussian beam radius R G . Finally, the last term introduces the temporal distribution of the laser pulse proposed by Schleichert et al. [6] for a Q-switched pulse, where υ is the pulse rise time.
The Thermal Problem
As the driving force of ultrasonic waves, an accurate determination of the temperature field is vital to accurate predictions of laser generated ultrasonic waves. In recent times both the classical and hyperbolic heat equations have been used to model thermoelastic laser generated ultrasound. The question of which equation should be used arises naturally, and has been addressed in the literature [5] .
The classical equation can be written as follows:
where T is the temperature and κ is the thermal diffusivity. As a consequence of the parabolic description of the heat flow in Eq. (2), an infinite heat propagation speed is predicted. It is clear that such behavior is physically meaningless and efforts have been made to solve this paradox. Specifically, it has been proposed to enrich the classical equation with a term proportional to the second time derivative of the temperature to render the equation hyperbolic. According to this idea, heat transfer may be described mathematically through the following equation:
where c is the heat propagation speed. The heat wave speed is currently not known. However, there is reason to believe it is larger than the speed of mechanical waves. Nevertheless, most researchers to date have chosen c equal to the longitudinal wave propagation speed simply because it simplifies somewhat the solution of the displacement field. In order to analyze the appropriateness of these two heat equations an example is considered. The solution of the problem of a laser line source impinging on an aluminum half-space will provide an illustration for the discussion. The half-space is assumed to have a uniform initial temperature distribution. The thermal boundary condition of no heat flux across the boundary is imposed. Both theories are used to compute the temperature distribution and the results are compared. The geometry of the problem is shown in Fig. 2 . The line laser source is modelled according to the expression given in Eq. (1), where a value of υ = 10 ns has been chosen. Notice that the spatial profile is assumed gaussian and therefore, the heat source is initially nonzero everywhere on the surface. In order to be able to see the differences in the temperature field predicted by each equation, the observation point cannot be chosen on the surface, since the initial heat source could hide the thermal wavefront. The distance of the observation point to the point of application of the source should be small enough for the temperature increase to be appreciable. Therefore, the observation point has been chosen on the epicentral axis at a very small depth, namely z 0 = 250 nm (see Fig. 2 ). Fig. 2 shows the temperature versus time at the observation point. The heat wave speed has been selected equal to the longitudinal wave speed. To demonstrate the differences in predicted temperature, a very small time scale needs to be used.According to the hyperbolic description, it takes a finite time t L for heat to travel to the observation point, as opposed to the classical parabolic description where heat arrives at t = 0 + . Therefore, the classical solution shows no distinct wavefront and temperature increase starts at the initial time. The hyperbolic solution clearly shows the arrival of the thermal wave at t L . Both theories converge to the same solution for increasing time and no difference is noticeable for times larger than 170ps. Furthermore, additional calculations have shown that the time at which the hyperbolic solution converges to the classical solution is smaller when the heat wave speed c is increased. In practice, c is most likely larger than the longitudinal wave speed c L , which means that the convergence happens even sooner than shown in Fig. 2 .
The differences in predicted temperature between the two theories are small and only apparent for very small time scales. For the problem at hand, we are interested in times of the order of microseconds. At this time scale and for the range of laser pulse durations that we are considering, the solutions given by both theories are numerically undistinguishable. Consequently, the selection of the theory for the time scales of interest can be done for convenience as the hyperbolic equation with c = c L . This choice presents some numerical advantages in that it simplifies the inversion of the transforms, and is therefore adopted in the following.
The Thermoelastic Problem
The statement of the fully coupled thermoelastic problem based on the hyperbolic heat equation may be written as follows:
where T 0 is the ambient temperature, u is the displacement, β is the thermoelastic coupling constant: β = (3λ+2µ)α T , α T is the coefficient of linear thermal expansion and λ, µ stand for the Lamé elastic constants. It can be shown that in many common situations, including the present one, the mechanically induced thermal source can be neglected, thereby excluding the coupling of the elastic displacement field to the governing differential equation for the temperature [2] . These equations with the appropriate boundary and initial conditions are solved for the case of line illumination of an isotropic, homogeneous, linearly elastic half-space by a semi-analytical procedure. First of all, the problem is reformulated in terms of the usual displacement potentials φ and ψ. The Fourier transform in the spatial coordinate x and the one-sided Laplace transform in time are then applied to the governing equations, boundary and initial conditions. The problem can be solved analytically in the domain of transformed variables to obtain the transforms of the displacements potentialsφ andψ. In the expression for the dilatational potentialφ three terms with different physical meaning can be identified, namely a dilatational wave, a wave related with thermal diffusion and a wave resulting from optical penetration. In the expression for the rotational potentialψ only a rotational wave appears. These solutions can then be inverted numerically to obtain displacements and stresses in the original space and time domain.
NUMERICAL RESULTS
In the above formulation, both the effects of thermal diffusion and optical penetration are included (model A). Four simplified models can be defined by neglecting optical penetration (model B), thermal diffusion (model C) or both (model D). The latter can be also obtained by convolution from the shear traction dipole model available in the literature.
In order to identify the effects of thermal diffusion on the predicted waveforms, simulations provided by the model that takes into account thermal diffusion (model B) are compared with those obtained with the simplified model (model D). Fig. 3 shows the computed waveforms for normal stresses on a vertical plane σ xx in an aluminum half-space at a depth of z = 1.0 mm. Two situations are considered: the near field, which corresponds to a small distance of the source to the plane of observation (x = 0.1 mm) and the far field (x = 5.1 mm). As expected, differences are only noticeable in the near field, where the effect of thermal diffusion becomes significant. The precursor, which can be clearly identified in the waveform computed using the model accounting for thermal diffusion (model B), is not predicted by the simplified model. Both models show excellent agreement in the far field simulations. Recall that the simplified model (model B) has been used extensively by other investigators. Hence, this result serves as validation for model B.
The same study has been conducted to investigate the effect of optical penetration and very similar results have been obtained. Fig. 4 shows a comparison of the precursor induced by thermal diffusion and that due to optical penetration. In order to make this comparison meaningful, a skin depth for optical penetration has been chosen equal to the thermal diffusion length. As can be seen in the figure, thermal diffusion gives rise to a precursor with a larger amplitude.
Finally, a parametric study has been carried out to investigate the influence on the precursor of the size (R G ) and the duration (υ) of the laser pulse. Fig. 5 shows the normal stress waveforms computed with increasing pulse size and increasing pulse duration respectively. In both cases, as the pulse becomes broader or longer, the precursor becomes broader and its magnitude decreases. It can be noted that the shape of the precursor is more sensitive to changes in the duration of the pulse. 
CONCLUSIONS
In this paper, a theoretical model for the incident field generated by laser illumination in the thermoelastic regime which takes into account the effects of thermal diffusion and optical penetration has been presented. It has been shown that the near field simulations are able to predict the precursor, while the far field simulations show excellent agreement with simplified models. The next step is to obtain the scattered field using the direct frequency domain Boundary Element Method (BEM). Once this is done, the total field can be computed by superposition of the incident field and the scattered field. In that manner, a theoretical model for the ultrasonic detection of surface breaking cracks using the SLS technique can be obtained.
